We report vibrationally-resolved spectra of the S 1  S 0 transition of bromobenzene using resonance-enhanced multiphoton ionization (REMPI) spectroscopy. We study bromobenzene-h 5 as well as its perdeuterated isotopologue, bromobenzene-d 5 . The form of the vibrational modes between the isotopologues and also between the S 0 and S 1 electronic states are discussed for each species, allowing assignment of the bands to be achieved and the activity between states and isotopologues to be established. Vibrational bands are assigned utilizing quantum chemical calculations, previous experimental results and isotopic shifts. Previous work and assignments of the S 1 spectra are discussed. Additionally, the vibrations in the ground state cation, D 0 + , are considered, since these have also been used by previous workers in assigning the excited neutral state spectra.
I. INTRODUCTION
The present work is a continuation of our previous work on fluorobenzene 1 and chlorobenzene, 2 in each case including the perdeuterated isotopologue. In those studies we recorded one-colour (1+1) resonance-enhanced multiphoton ionization (REMPI) spectra from 0-3000 cm -1 and assigned the vibrational structure observed. The spectra showed rich structure from both Franck-Condon allowed a 1 and vibronically-allowed b 2 vibrations, with higher-wavenumber features mainly consisting of overtones and combinations of vibrations seen to lower wavenumber. (Here, we position the molecule in the yz plane, to establish the b 1 /b 2 labels unambiguously.)
There were numerous Fermi resonances (FRs) observed, with these generally being different between the respective isotopologues, owing to vibrations moving in and out of resonance because of isotopic shifts. In the case of chlorobenzene, shifts arising from the presence of both 35 Cl and 37 Cl were extremely useful in establishing the assignment when there was more than one possibility. In the present work we shall denote the isotopologue of perhydrogenated bromobenzene as BrBz-h 5 and similarly for the fully-deuterated isotopologue,
BrBz-d 5 ; we will only note the isotope of Br as required, but only little use is made of 79 Br/
81
Br shifts in this work, as these were so small. When required, the other monohalogenated benzenes will be denoted in a similar manner, using FBz for fluorobenzene, ClBz for chlorobenzene and IBz for iodobenzene. We concentrate initially on BrBz and then at the end of this paper we shall briefly discuss IBz.
The infrared (IR) and Raman spectra of BrBz-h 5 have been reported by a number of workers, 3, 4, 5, 6, 7 with reasonable consistency between the reported values where these have been observed in more than one study.
The assignment of the spectra has been achieved in terms of symmetry, by noting the band-type, and also in terms of expected positions of vibrations based upon various mass-scaling rules. Two main schemes for labelling the vibrations have been employed, with Wilson 8 -type labels being used by Varsányi 5 and, albeit with some (unexplained) switches, by Walter et al. 9 As noted and discussed in our previous work 10 the Varsányi (Wilson) labels are used inconsistently across the monohalobenzenes and so we use a different labelling scheme based on the Mulliken 11 labelling of the FBz S 0 modes, and we denote these M i , with the motions available in ref. 10 . This scheme maintains the same label for the same vibrational motion, and hence vibrational activity can be easily compared between molecules. (It should be noted that using the Mulliken labelling for the heavier monosubstituted halobenzenes will give some vibrations in a different order, owing to different mass shifts -see ref. 10.) Very brief reports of the UV absorption spectrum of bromobenzene vapour have been given by Walerstein 12 and Sreeramamurty. 13 In addition, a study by Prakash and Singh 14 has reported a reasonably detailed UV absorption spectrum of BrBz vapour, predominantly at 0 C. Klimusheva et al. 15 have reported absorption spectra of bromobenzene in both vapour (20 K) and crystals (4 K), but little experimental detail is given, nor are any spectra shown. We shall comment on these studies at appropriate points below.
Jet-cooled studies of the S 1  S 0 transition has been reported by Dietz et al. 16 and Boesl and coworkers 9, 17 where Wilson/Varsańyi labelling was employed. The Wilson/Varsányi assignments between the two main studies 9, 16 were not wholly consistent, and in part this results from the fact that many of these do not correspond to the correct vibrational motion. Such assignments can be made by analogy with spectra from similar molecules and a detailed consideration of mass and electronic shifts; however, the most robust assignment will come from comparison also with reliable quantum chemical calculations. In the below we shall discuss the previous assignments with those here. We shall establish assignments of the observed bands that are consistent with our previous monohalobenzene work, and so remove the ambiguity of the previous assignments for bromobenzene and provide a more coherent picture of the vibrational activity in the monohalobenzene species.
The vibrations of the cation have been probed via conventional photoelectron spectroscopy (PES), 18, 19 REMPI-PES 9 and one-photon MATI studies. 20 In the case of the REMPI-PES experiments, the assignment of the photoelectron spectrum and the resonant S 1 level are linked, and so these will be discussed as part of the present work in Section IV. C. 4
BrBz-d 5 has been much less studied compared to its non-deuterated isotopologue. Vibrationally-resolved IR and Table 1 ). To the best of our knowledge there have been no reports of the S 1  S 0 transition or any photoelectron spectrum for this isotopologue.
In the present work, we employ one-colour REMPI spectroscopy to record rotationally-cold, vibrationallyresolved electronic spectra of the S 1  S 0 transition in BrBz-h 5 Towards the end of the paper, we shall also consider the vibrations of the S 0 state of IBz. We shall not consider the S 1 state vibrations, as this state is known to be extremely short lived and no fluorescence or REMPI spectrum has been reported (see later). We shall also consider the vibrations of the ground state cation, since these have been observed by direct photoionization both using conventional PES 19, 22 and also mass-analyzed threshold ionization (MATI) spectroscopy.
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II. EXPERIMENT
The third harmonic (355 nm) of a neodymium-doped yttrium aluminium garnet laser (Nd:YAG, Surelite III, 10
Hz) was used to pump a tuneable dye laser (Sirah Cobra Stretch), operating on Coumarin 503. The fundamental output of the dye laser was frequency doubled by a beta-barium borate (BBO) crystal in order to obtain tuneable UV radiation across the wavenumber region of interest. Br, was seeded in ~5 bar of helium carrier gas and the gaseous mixture was passed through a General Valve pulsed nozzle (750 μm, 10 Hz, opening time of 180 μs) to create a free jet expansion. In our previous work on FBz and ClBz we employed Ar as the seeding gas, but we found the BrBz spectra were too warm (and hence broad) when this was used here; we attribute this to clustering and subsequent break-up; this also occurred even when using Ne. On the other hand, using He, we found it much easier to obtain cold spectra.
The focused, frequency-doubled output of the dye laser passed through a vacuum chamber where it perpendicularly intersected the free jet expansion between two biased electrical grids located in the extraction region of a time-of-flight spectrometer. After (1+1) ionization occurred, the resulting ions were extracted and detected by a dual microchannel plate (MCP) detector. The signal was passed to an oscilloscope (LeCroy LT342
Waverunner) for monitoring, and a boxcar (SRS SR250) for integration and averaging; the averaged signal was then relayed to a computer for storage and analysis. The timing of the laser pulse relative to the opening time of the pulsed nozzle was controlled using a digital delay generator. The delays were varied to produce optimum conditions to ensure that the coldest part of the beam was probed. The calibration procedure is described in Section IV.
III. COMPUTATIONAL METHODOLOGY
In order to aid in the assignment of the spectra, the vibrational frequencies of each molecule were calculated using the GAUSSIAN 09 software package. 23 For the S 0 (̃ . The two spectra presented in Figure 1 have been plotted on a relative scale, with the origin transitions each shifted to zero for straightforward comparison between the different isotopologues. Our vibrational bands are not fully rotationally resolved in either the BrBz-h 5 or BrBz-d 5 spectra and so we have employed the wavenumber of the most intense part of each vibrational band, in order to determine consistent vibrational spacings; although this may give small discrepancies with respect to the actual vibrational band origins, this is acknowledged to be the most consistent way of reporting these spacings. In any case, we have ascertained the reliability of this procedure by simulating different band profiles and comparing the position of the maxima in the rotational envelope relative to the band center. We find that these positions fall within the stepsize of our scans (0.5 cm -1 ) and so any discrepancy in vibrational spacing arising from different band types will not introduce an error of more than 1 cm -1 ; this will be similar to the error that would have been obtained employing band centers to derive the vibrational spacings.
We have checked our calibration against other spectra and although there are discrepancies, it does not seem that there are "bigger errors" to higher energy; we have checked our spectra in both wavenumber and wavelength, and against spectra of other molecules, and our calibration appears to be sound across the spectral range cited. (Table 1 shows how mixed some of the modes are). On the other hand, correspondences between the vibrations of FBz-h 5 and BrBz-h 5 are very good (see Table 1 and Figure 2 ). As a consequence, we provide the Wilson/Varsányi mode labels used by other workers in Table 1 , but only to aid the reader. In the text here we shall use M i labels, when discussing our assignment and also when comparing to previous work. In Table 2 we compare our calculated vibrational wavenumbers for BrBz-h 5 For BrBz-d 5 we note that Nanney et al. 21 reported IR and Raman spectra, assigning the modes by virtue of the rotational band type and by comparison with vibrational wavenumbers for FBz-d 5 and ClBz-d 5 ; these trends were continued when assigning the corresponding spectra of IBz-d 5 , which will be mentioned later.
Wavenumbers for all 30 vibrational modes were obtained from fundamentals, overtones and combination bands, although a couple were uncertain. The assignment was given in terms of Mulliken nomenclature, and as noted above this could lead to some discrepancies with the M i labels owing to reordering following mass-dependent shifts across the monohalogenated benzene series. superscript to the M i labels is often superfluous, it is maintained for consistency and clarity both within the present text, and with our earlier work.) The Duschinsky matrix in Figure 3 shows that the motions of the M i d vibrations are very similar to the M i modes in most cases; however, the wavenumber ordering of the vibrations changes, as it does for FBz 1 and ClBz. 2 In particular, for FBz-h 5 the ordering is 
S 1 state
The calculated wavenumbers for the S 1 state of the 79 BrBz-h 5 and 79 BrBz-d 5 are given in Table 3 ; these have been used to help in the assignment of the spectra, together with previously reported assignments of the 79 BrBzh 5 spectra. Figure 4 shows the Duschinsky matrices for the S 1 vibrations in terms of the S 0 ones for each isotopologue. As was the case for FBz and ClBz, these indicate that there is more rotation of the vibrational coordinates for BrBz-h 5 than for BrBz-d 5 , as such some of the vibrations in that S 1 state will be somewhat different to those in the S 0 state. In particular, we found that the M 8 and M 9 modes were significantly mixed (as we noted for ClBz), and have labelled these to be consistent with our previous work.
One other point of note is that in the Duschinsky matrix, the M 
C. Assignment
We now move onto the assignment of the spectra, which we split into three main wavenumber regions. We shall discuss the assignment of the spectra for the As may be seen from Figure 5 , this region is dominated by the origin transition and that to the M 29 level for both isotopologues. Concentrating first on BrBz-h 5 , in the low-wavenumber region below 300 cm -1 we see a similar pattern of features we saw previously for FBz and ClBz, and so these mostly can be straightforwardly assigned as shown in Figure 5 and Table 4 . We note that the M 11 band is slightly red shifted in the 81 BrBz-h 5 spectrum
(not shown), and indeed this is a signature that helps in the assignment of higher wavenumber combination bands. It is a peculiarity of the monohalobenzenes that the calculated wavenumber for the M 14 vibration in the S 1 state is always in very poor agreement with the experimental value using the TD-B3LYP approach; indeed, in the present case, we did not even obtain a real value. As a consequence, we have relied on previous assignments and a process of elimination to assign features involving this vibration. First we note that at 462 cm Table 3 ). Tables 2 and 3 .
As The two higher-wavenumber features have a width consistent with a single contribution, and so these are safely assigned as labelled in Figure 6 ; the lowest wavenumber feature has a width suggestive of modes if it happens to be in energetic proximity.
The three main bands corresponding to M 8 , M 9 and M 6 were seen in the study by Dietz et al. 16 although the more complicated nature of the feature at ~ 935 cm -1 was not noted. These three bands were also employed to record REMPI-PES spectra by Walter et al., 9 although the stated wavenumber for the M 8 feature seems to be incorrect, but the spectra suggest this was indeed the intermediate state employed (see later discussion of the photoelectron spectra). We note that the assignment of the 961 cm -1 band was given as the Wilson overtone  18a 2 , which differs from the present assignment and that of ref. 16 , but this seems to have been a typographical error (see below), and this should be a transition to a fundamental vibration. We also note that different Wilson (Varsányi) labels were also used for the M 8 , M 9 and M 6 modes between refs. 9 and 16 (see Table 1 ). Additionally, the latter study also reports a value for M 12 , but this is in very poor agreement with our calculated value. We did not see any contributions from this vibration in the present work, and neither have any previous studies.
b. BrBz-d 5
We now move onto the spectrum of BrBz-d 5 , which has more features in it. First, from our previous work 
)
As we move higher in wavenumber, more and more candidates arise for features, and there is the possibility of complications arising from anharmonic shifts and FR; for these reasons we refrain from a detailed discussion of the assignment of this higher region, but note the following points. It is relatively straightforward to pick out overtones and combinations involving the intense features, particularly with the M 8 and M 9 pair of features for BrBz-h 5 . Indeed, once these are provisionally identified much of the main structure of the high-wavenumber regions is assigned. The assignments are summarized in Tables 4 and 5 , and selected ones are also labelled in Figure 1 . Some high-wavenumber (< 1580 cm -1 ) features were also identified in the work of Dietz et al. 16 Figure 1 . Clearly many other contributions are appearing in these regions of the spectrum.
Cation
The Duschinsky matrix for the -h 5 isotopologue showing the relationship between S 0 and D 0 + vibrations for BrBz is shown in Figure 7a , and that for the S 1 and D 0 + vibrations in Figure 7b . The appearance of these suggests that the vibrational motion in the cation is largely the same as in each of the two neutral states, although some of these will show deviation. Based on this and previous work, for most cases we would expect a v = 0 propensity rule to work well for the D 0 +  S 1 ionization, so that the selected intermediate vibrational level in a REMPI-PES experiment would correspond to that of the most intense cation band.
We have calculated the vibrational wavenumbers of BrBz-h 5 + and present these in Table 6 ; for completeness, we also present the BrBz-d 5 + values. Referring to Walter et al.'s paper, 9 we have noted above that some of the assignments they offered are neither consistent with those here, nor with those in ref. 16 ; however, the observed structure in the REMPI-PES spectra should help elucidate this. First we note that exciting via the origin yielded a progression of bands with a spacing of 320 cm -1 , which matches our calculated 323 cm -1 value for M 11 + extremely well. Walter et al. assigned this as Wilson mode  6a , but we have noted above (see Table 1 ) and elsewhere 10 that M 11 is quite mixed in the monosubstituted benzenes, and that  6a is essentially M 10 for the heavier species. When exciting via the M 29 level a series of bands with a spacing of 540 cm -1 was observed, 9 which matches very well our calculated value of 534 cm -1 for M 29 + . They also observed a spacing of 950 cm -1 , which is in best agreement with our value for M 8 + . Progressions of 950 cm -1 and 320 cm -1 were seen when exciting via the M 8 intermediate level (recall we noted there seems to have been an error in the reporting of the wavenumber of that transition), which match the spacings given above; additionally, another spacing of 1530 cm -1 was observed, which best matches our calculated M 4 + value. Excitation of the M 9 mode (erroneously given as an overtone in Table 1 of ref. 9, but as a fundamental,  18a , in the text and in the caption of Figure 7) gives progressions involving spacings of 320 and 980 cm -1 , with the latter being assignable as M 9 + from our calculated values in Table 6 .
There is much confusion with the excitation of the intermediate level at what Walter et al. 9 cite as 1060 cm -1 above the S 1 origin, which Dietz et al. 16 locate at 1019 cm -1 , in excellent agreement with our position (Table 4) .
Further, owing to a lack of structure below the v = 0 region in their REMPI-PES spectrum, Walter et al. 9 tentatively reassign this level as Wilson mode  9b (but maintain a  9a label in other places in the paper). Table 6 . In including these, we have associated them with an M i + label on the basis of previous discussion and on the basis of the symmetry. As can be seen, for many of the modes good agreement is seen with the calculated values, but there are some anomalies. The M 29 + value of 593 cm -1 seems far from the REMPI-PES value and our calculated value, and the M 23 + value of 1523 cm -1 is also far from our calculated value. The proposed value of 3083 cm -1 agrees best with our M 3 + value. The assignment of the 1008 cm -1 feature to M 9 + is unclear because it does not match the REMPI-PES value well. Since the resolution is much better in the MATI study, and the latter value is also closer to the value from the conventional PES studies by Potts et al.
and Holland et al., 18, 19 then we take this value as the more reliable. We also note that the conventional PES studies give values for M 11 + that match other experimental and the present calculated values well.
D. Iodobenzene
There is a trend for the lifetimes of the S 1 state to shorten with increasing mass of the halogen, attributable to intersystem crossing (ISC) and predissociation in the cases of FBz, ClBz and BrBz. Additionally, no LIF or REMPI spectrum appears to have been achievable for IBz, attributed to this short lifetime, 16 caused by internal conversion (IC) to a repulsive region of a singlet n* state (in contrast to ISC for the other monohalobenzenes); 30,31 however, it was possible for Kwon et al. 20 to record a one-colour MATI spectrum of iodobenzene, since the predissociating S 1 state is bypassed. We did not attempt to record a REMPI spectrum of
IBz in the present work; however, we here briefly consider the vibrational assignment of the S 0 and D 0 + states. Varsányi. In Table 7 We present the calculated values for the cation in Table 8 Table 8 we have tabulated the vibrational wavenumbers obtained by Kwon et al. 20 As can be seen, very good agreement is obtained in most cases, with the values for M 17 + and M 24 + being in slightly poorer agreement.
V. CONCLUDING REMARKS
In this paper we have reported the REMPI spectrum of both BrBz-h 5 and BrBz-d 5 and assigned these in detail up until ~ 1050 cm -1 , and then the major features thereafter. The present assignment gives a consistent picture of the spectra of FBz, ClBz and BrBz and their -d 5 isotopologues and suggests a number of future studies to unpick various Fermi resonances. It is interesting that it is rather straightforward to obtain a good-quality REMPI spectrum of BrBz given the short lifetime that precludes the possibility of obtaining an LIF spectrum; on the other hand, obtaining such a spectrum of IBz appears not to be possible as discussed above, owing to rapid internal conversion.
Our assignments are the first such for BrBz-d 5 , while for BrBz-h 5 we have discussed the previous suggested assignments, noting some disagreements between them, and presenting our new assignments based on our previous work and quantum chemical calculations. We have also discussed the vibrations of the cations, reassigning where required.
Finally, for IBz we have presented calculated vibrations for the S 0 and D 0 + states and briefly discussed previous work on these.
In summary, via the present and our previous work on the fluorobenzenes and chlorobenzenes, we have been able to assign corresponding vibrations across the whole monohalobenzene series of molecules, in the S 0 , S 1 and D 0 + states, gaining insight into vibrational activity and vibrational couplings.
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